In this study, forced convection of Fe 3 O 4 -water nanofluid in a bifurcating channel was numerically studied under the influence of variable magnetic. Galerkin residual finite element method was used for numerical simulations. Effects of various values of Reynolds number (between 100 and 500), Hartmann number (between 0 and 3), and solid nanoparticle volume fraction (between 0% and 4%) on the convective heat transfer characteristics were analyzed. It was observed that location and size of the re-circulation zones established in the walls of the bifurcating channel strongly influenced by the variable magnetic field and Reynolds number. Average Nusselt number versus Hartmann number showed different characteristics for hot walls of the vertical and horizontal branching channels. The average Nusselt number enhancements were in the range of 12-15% and 9-12% for hot walls of the branching channel in the absence and presence of magnetic field (at Hartmann number of 3).
Introduction
Effects of magnetic field are encountered in some engineering applications such as in geothermal energy extraction, nuclear reactor coolers, and metal casting. In convective heat transfer applications, an external magnetic field may be used to control the fluid flow and heat transfer characteristics. In many cavity flow applications with convection, magnetic field dampens the fluid motion and reduces the convective heat transfer rate [1, 2] . In jet flow configurations, magnetic field effects reduce the unsteady effects. A potential application of magnetic field is to enhance the heat transfer for the configurations with separated flows such as encountered in a backward-facing step and branching channel. The size of the re-circulation zones can be altered with an externally imposed magnetic field in a convective heat transfer with separated flow. Magnetic field effects in convection can be altered by adding nano-sized particles to the base fluid, which changes both the thermal and electrical conductivity of the fluid [3, 4] . The inclusion of a very small amount of nanoparticles to the base fluid may result in significant enhancement of heat transfer, and various factors affect the amount of enhancement, such as size, shape and type of the particles. Nanofluid technology has been successfully implemented in various thermal engineering application [5, 6] . Mehryan et al. [7] examined the entropy generation study of Fe 3 O 4 -water nanofluid in an enclosure under the effect of variable magnetic field. A spatially sinusoidal varying magnetic field in y-direction was imposed and differences were noted when compared to a case with uniform magnetic field. Sheikholeslami and Ganji [8] analyzed ferrofluid flow in a semi annulus with an external magnetic field by using control volume based finite element method (CVFEM) considering both ferrodynamics and magnetohydrodynamics. Magnetic number was found to influence the heat transfer differently depending on the Rayleigh number while both increasing nanoparticle volume fraction and decreasing Hartmann number were found to enhance the heat transfer rate. In the numerical study by Sheikholeslami et al. [9] , forced convection of magnetic nanofluid in a lid-driven semi annulus was examined with CVFEM. The average Nusselt number was observed to increase with nanoparticle volume fraction while the heat transfer enhancement was found to decrease with higher values of Reynolds number and lower values of Hartmann number. Selimefendigil and Oztop [10] performed a numerical Magneto-hydrodynamic nanofluid convection of a vented cavity with elastic step-wise corrugation of the walls by using finite element method. The presence of the magnetic field was found to affect the distribution of multiple recirculation zones within the vented cavity filled with nanofluid. In a recent numerical study, efficiency of a direct absorption solar collector was examined with nanofluid and magnetic field effects. In the case of magnetic nanofluid, efficiencies up to 30% were obtained.
Flow separation is important in many engineering applications, e.g. in aerodynamics, power generation systems, thermal energy storage, and many others [11, 12] . Fluid flow geometries are prone to such fluid phenomena as branching channels and backward or forward facing steps [13, 14] . Fluid flow and heat transfer characteristics in branching channel are important in many applications ranging from biomedical to pharmaceutical industry. Matos and Oliveira [15] performed numerical simulation for fluid flow of non-Newtonian inelastic fluid in a bifurcating channel. Fluid flow characteristic were found to be influenced by the variation of Reynolds number, mass flow rate ratio and power-law index values. Senn and Poulikakos [16] performed numerical study for analyzing the effects of secondary flow on the thermal mixing in a tree-like micro-channel net. Selimefendigil and Oztop [17] numerically analyzed convection of nanofluid flow for a backward-facing step geometry with a uniform magnetic field, which was imposed at various inclination angles. It was observed that, for vertically and inclined application of magnetic field, re-circulation zone behind the step was reduced and heat transfer augmented for higher values of Hartmann number. In the study by Abbassi and Nassrallah [18] , laminar flow of electrically conducting fluid in a backward-facing step geometry was analyzed. Various values of Stuart number and Prandtl number were considered for Reynolds number of 380. For higher values of Prandtl number, magnetic field was found to enhance the heat transfer, whereas, except in the regions of recirculation zone, fluid motion was dampened by the magnetic field. An experimental study of pulsating fluid flow in laminar conditions through a 90-degree bifurcation was performed by Khodadadi et al. [19] . They observed that the Reynolds number, dividing mass flow rate of the branching channels and Stokes number have influence on the formation and size of the re-circulation regions. A theoretical study for the forced convective heat transfer in a branch network was conducted by Luo et al. [20] . The heat transfer rate was found to increase with trunk diameter and deteriorate with the length of the branched structure. In a recent study, Selimefendigil et al. [21] performed numerical study of branching channel of CuO-water nanofluid under the effects of uniform magnetic field. The influences of inclination angle of lower branching channel and Hartmann number in uniform magnetic field on the convective heat transfer features were examined. The average Nusselt number was found to be higher for higher values of Hartmann umber, while the addition of nanoparticle was found to be efficient for higher values of Hartmann number. Selimefendigil and Oztop [22] made a numerical study on the convective heat transfer features of a branching channel filled with carbon nanotube (CNT)-water nanofluid under the effects of rotating surface at the junction. Significant enhancement was observed with the inclusion of CNT nanoparticles to the base fluid, while the convective heat transfer features were found o be strongly influenced by the rotation of the surface at the junction.
This study focused on the convective heat transfer characteristics of Fe 3 O 4 -water nanofluid in a T-junction with a variable magnetic field where flow separation and reattachment exist. In this configuration, the magnetic field has the potential to reduce the separated flow region, the effect of electrical conductivity enhancement with nanoparticle inclusion to the base fluid is favorable, and the increment in the heat transfer rate might be obtained. The originality of this study is that a non-uniform magnetic field was imposed and different heated walls of a bifurcating channel were examined with the presence of nanoparticles. The numerical results of this study can be utilized in the thermal design and optimization of fluid flow with separation and will be helpful in determining the conditions to impose a variable magnetic field and nanoparticles.
Numerical Modeling
A schematic view of the computational domain of bifurcating channel with a magnetic source is shown in Figure 1 with boundary conditions. A bifurcating T-channel with channel heights H 1 =H 2 =H 3 =H and lengths S 1 =S 2 =S 3 =50H was considered. The existing channels (horizontal and vertical) of the branching geometry were kept at constant temperature (T h ) while the fluid entered at the inlet of the first channel with velocity u 0 and temperature (T c ) with T h > T c . A magnetic wire was placed below the horizontal wall vertically to the xy-plane with locations (c, d) with c = 4 H and d = −4 H. We considered Fe 3 O 4 -water nanofluid and assumed incompressible, Newtonian fluid. Thermophysical properties of water and Fe 3 O 4 nanoparticles are given in Table 1 . The flow was two-dimensional, steady and laminar. Natural convection and radiation effects were neglected. Effects of induced magnetic field were neglected.
Recirculation zones
Magnetic source 
Conservation equations for fluid flow and heat transfer are written as:
The Lorentz forces per unit volume in the MHD flow can be stated as:
with magnetic field intensity H x , H y for a magnetic source located at (c, d):
Magnetic induction components are given by the
The second term of the right hand side expression of the energy equation represents the Joule heating. Nanofluid density and heat capacity are defined by using:
The viscosity model of the nanofluid is described as:
Thermal conductivity (Maxwell-Garnett model) and electrical conductivity ( Maxwell model ) of nanofluid are described as:
The non-dimensional form of the governing equations can be obtained by using the following dimensionless parameters:
Boundary conditions are stated as:
• At the inlet, temperature and velocity are uniform (parabolic with average value of u 0 ),
• Isothermal with no-slip boundary boundary condition for the exist channel walls,
• Outflow boundary conditions for the outlets,
• Adiabatic wall, no-slip boundary boundary condition for other walls, u = v = 0, ∂T ∂n = 0. Local and average Nusselt number for the hot channel walls are evaluated as:
Solution, Mesh Independence and Code Validation Studies
Galerkin weighted residual finite element method was used for the solution of governing equations with boundary conditions. In this formulation, the weak form of the governing equations is established. When the flow variables (approximated variables) are inserted into the governing equations, residual R will be obtained. Weighted average of R is set to be zero as:
with W denoting the weight function. It was chosen from the same set of functions as the trial functions. Finally, nonlinear residual equations were achieved, which were solved using the Newton-Raphson method. Convergence of the solution was achieved when the relative error for each of the variables became less than 10 −5 . Grid independence test of the numerical solution was verified by using different number of grids. Grids were refined near the walls and in the junction of the branching channel to resolve higher gradients of the field variables. Numerical code was verified with with available data in the literature. The first validation study was made using the numerical results of Khandelwal et al. [23] for non-Newtonian fluid flow of right-angled T-channel. Table 3 shows a comparison of the recirculation lengths calculated at two different Reynolds number. In the second validation study, magnetic field effects were considered. Table 4 shows the comparison of average Nusselt number for various Hartmann numbers in Reference [24] . Numerical results of Sheikholeslami and Shamlooei [25] were also added where the simulation was performed with lattice Boltzmann method. From the comparison of the results, sufficient confidence in the accuracy of the current code was established. 
Results and Discussion
In this study, forced convection of Fe 3 O 4 -water nanofluid flow in a branching T-channel was numerically examined with variable magnetic field effects. Numerical simulations were performed for various values of Reynolds number based on channel height (between 100 and 500), Hartmann number (between 0 and 3), and solid nanoparticle volume fraction (between 0% and 4%). The influence of those pertinent parameters on the convective heat transfer characteristics was analyzed. A particular attention was given to the effects of variable magnetic field on the flow separation at the junction of the branching channels.
Effects of Reynolds number on the flow and thermal pattern distributions for the branching T-channel are demonstrated in Figure 2 (Ha = 1, φ = 0.02). At low Reynolds number, a re-circulation vortex was established in the top wall of the upper branching channel. At Reynolds number of 300, this vortex extended in size and a small vortex was also seen in the bottom wall of the branching channel near the junction. Further increment of the Reynolds number to 500 resulted in an additional vortex appearing on the bottom wall of the upper branching channel. The location and size of the re-circulation zones for the exist channels were strongly influenced by the variation of Reynolds number. Thermal gradients became steeper along the walls with higher Reynolds number and distributions of the isotherms were influenced by the formation of the vortices for different Reynolds numbers. Figure 3 and Figure 4 show the local and average heat transfer enhancements for the hot wall of the exit channels with Reynolds number. The top wall of the horizontal exist channel and the top wall of vertical exist channel are shown as W2 and W4 in the figures. Variation of average Nusselt number for each of the hot wall of the T-junction considering various combinations of Reynolds number and solid particle volume fraction are shown in Table 5 (Ha = 1). For walls W1 and W3, average Nusselt number enhancements were 10.4% and 11.3% for Reynolds number of 100, respectively whereas they became 12.2% and 14.1% for Reynolds number of 500 when highest solid volume fraction of nanoparticle was added to the base fluid. Figure 5 shows the influence of Hartmann number on streamline and isotherm distributions for the branching channel with Re = 300 and φ = 0.02. In the previous studies where convection in cavity was considered, magnetic field was found to dampen the fluid motion and reduce the convection. In separated flow configuration, the re-circulation zones were rearranged and separation could be reduced, which has the potential to enhance the heat transfer rate. In the absence of magnetic field, two vortices were formed: one on the top wall of the vertical channel and the other one on the bottom wall of the horizontal exist channel near the junction. When magnetic field was imposed for Ha = 0.5, only the vortex on the top wall of the vertical channel appeared but its size was significantly reduced as compared to the case in the absence of magnetic field. Further increment of the Hartmann number to Ha = 3 resulted in the establishment of the vortex on the top wall of the horizontal exit channel. The size and location of separated zones in the branching channels were strongly influenced by the variation of magnetic field. The clustering of the isotherms was denser in the location near the reattachment points and variation of temperature gradients along the hot wall of the branching channel was observed when changing the strength of the magnetic field. Local variation of the Nusselt for the W2 and W4 walls are illustrated in Figure 6 for various values of Hartmann numbers. Peak values of the local Nusselt number and their locations were highly affected by the magnetic field, which was significant for the upper wall of the horizontal channel (W2). For wall W2, at location x = 7 H, a peak value of the Nusselt number was seen and it achieved the highest value at Ha = 3. This was attributed to the formation of the vortex and change of the reattachment length for this location with magnetic field. Except for some local locations, the magnetic field acted in a way to reduce the local Nusselt number. (g) Re=100, Ha=0 (h) Re=300, Ha=0 (i) Re=500, Ha=0
(j) Re=100, Ha=1 (k) Re=300, Ha=1 (l) Re=500, Ha=1 Figure 7 shows the variation of the average Nusselt number with respect to changes in the Hartmann number for walls W2 and W4 for water and nanofluid (φ = 4%). For wall W4, magnetic field results in heat transfer enhancement both for fluid and nanofluid. Maximum enhancements were 50.3% and and 49.2% for water and nanofluid (from Ha = 0 to Ha = 3), respectively. Enhancement of heat transfer rate for the upper wall of the vertical channel (W4) was attributed to the favorable effect of magnetic field strength on the suppression of the re-circulation zone for wall W4. On the other hand, for wall W2, magnetic field first deteriorated the average heat transfer rate from Ha = 0 to Ha = 0.5, then increased until Ha = 2 and finally deteriorated thereafter. The maximum and minimum average Nusselt number values were achieved in the presence of magnetic field for Ha = 0.5 and Ha = 2 (for wall W2), respectively. The average Nusselt number variations for other walls of the existing channels of the T-junction are given in Table 6 for different values of Hartmann number and solid particle volume fraction. The trends in the variation were similar for walls W1-W2 and for walls W3-W4. In the absence and presence of magnetic field, adding nanoparticles to the base fluid had different effects on heat transfer enhancements. This was attributed to the competing effects such as favorable effect of electrical conductivity enhancement with nanoparticle inclusion in the presence of magnetic field for separated flow, thermal conductivity enhancement and increase of the viscosity with nanoparticle inclusion to the base fluid. In the absence of magnetic field (Ha = 0), enhancements in the average heat transfer rates with nanoparticle inclusion were 14.5% and 12.4% for walls W2 and W4, respectively, while in the presence of magnetic field (Ha = 3), these values were reduced to 10% and 11.5%. The influence of variable magnetic field strength changed the heat transfer enhancement characteristics differently for walls W2 and W4 with nanoparticle inclusion to the base fluid. The amount of reduction was higher for wall W2 compared to wall W4. As the magnetic field strength changed, the fluid motion dampened but the separation zone was redistributed. Near the upper channel of horizontal wall (W2), an additional vortex appeared at the highest value of Hartmann number while the vortex established at Ha = 0 in the vicinity of the upper channel of vertical wall disappeared ( Figure 5 ). The interaction of various effects, such as dampening of fluid motion with magnetic field and suppression of recirculation zones with magnetic field, resulted in less reduction of the average Nusselt number for wall W4 as compared to wall W2 in terms of heat transfer enhancement with nanoparticle inclusion to the base fluid when magnetic field was imposed. In a recent study, Selimefendigil et al. [21] examined the influence of inclination angle of lower branching channel in a bifurcating channel with uniform magnetic field. The uniform magnetic field in the channel was found to suppress the recirculation zones and resulted in the average Nusselt number enhancement. The important finding in the current study is that the characteristics of heat transfer enhancement with MHD nanofluid is different when uniform and non-uniform magnetic fields are imposed in a branching channel where multiple flow separations and reattachments occur. Table 6 . Effects of Hartmann number and solid particle volume fraction combination on the variation of average Nusselt number for hot walls of the branching channel (Re = 300). A polynomial relation for the average Nusselt number with respect to changes in Reynolds number and Hartmann number were obtained for water and nanofluid with φ = 4%. It was second-order in terms of Reynolds number and Hartmann number, which is defined as:
Ha
Nu(Re , Ha ) = p00 + p10 * Re + p01 * Ha + p20 * Re 2 + p11 * Re * Ha + p02 * Ha 2 (14) where Re = Re−300
143. 8 and Ha = Ha−1.5
1.099 are the modified Reynolds number and Hartmann numbers. The coefficients of the polynomial fit are given in Table 7 for water and nanofluid model within their %95 confidence interval. Table 8 presents the results of R-square and root mean square values (RMSE) for each of the models. Figure 8a ,b shows the approximated surface with polynomial fit with CFD data and residuals for water. 
Conclusions
Numerical simulation of forced convection for Fe 3 O 4 -water nanofluid in a bifurcating channel in the presence of variable magnetic field was numerically analyzed. The potential of magnetic field effects to reshape the separated region and to increase the local and average heat transfer was examined in a branching channel. It was observed that significant changes in the location and size of the re-circulation zones established in the walls of the existing channels of the bifurcating channel. This in turn resulted in the formation of local Nusselt number peaks and changed their locations on the hot walls. Variation of average Nusselt number showed different average heat transfer behavior with respect to changes in Hartmann number for walls of the vertical and horizontal branching channels. The average enhancements in the heat transfer rate was in the range of 12-15% for hot walls of the branching channel in the absence of magnetic field, whereas they were reduced by 9-12% in the presence of magnetic field at Hartmann number of 3. The present study can be extended to include the effects of various nanoparticle types, shape effects of nanoparticles, location of magnetic dipole source, aspect ratio of the channels and natural convection effects, which would enrich the applicability of the numerical findings for various applications of bifurcating channels encountered in practice.
